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Toll-like receptor 2 activation and
comedogenesis: implications for the pathogenesis
of acne
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Abstract

Background: Acne is a common disorder of the human pilosebaceous unit, yet the mechanisms underlying
hyperkeratinisation and subsequent inflammation (comedogenesis) remain to be determined, although cutaneous
pathogens are implicated. Previously, it was reported that the release of the cytokine interleukin-1α (IL-1α) by
keratinocytes of the sebaceous duct was pivotal in the life cycle of the comedone, mediating both its development
and its spontaneous resolution. Toll-like receptors are a family of molecules that recognise pathogen associated
molecular patterns (PAMPs) presented by microorganisms, initiating a signalling cascade terminating in the release
of antimicrobial compounds and cytokines.

Methods: We used ex vivo sebaceous gland and primary monolayer keratinocyte culture, alongside ELISAs,
immunohistochemistry, Western blotting and RT-PCR to investigate the contribution of TLR activation to
acne pathogenesis.

Results: We found TLR2 to be expressed in basal and infundibular keratinocytes, and sebaceous glands, and its
activation provoked the release of IL-1α from primary human keratinocytes in vitro. The exposure of
microdissected human sebaceous glands to PAMPs specific for TLR2 in vitro resulted in a pattern of IL-1α like
cornification after seven days of exposure.

Conclusions: TLR activation and secretion of IL-1α from keratinocytes may be initiating steps in comedogenesis
and, therefore, critical to the pathophysiology of acne.
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Background
Acne is characterized by the formation of comedones, but
the etiology of these lesions remains unclear, although cu-
taneous pathogens are most likely involved. High levels of
the pro-inflammatory cytokine IL-1α were reported in
acne lesions in vivo [1], and previous work revealed that
exposure of isolated infundibula and pilosebaceous units
to IL-1α in vitro induced comedone formation [2,3]. Be-
cause comedone formation reflects the development of in-
fundibular epidermal scaling, this finding is important
because it suggests that IL-1α, whose role in the epidermis
remains to be fully elucidated, is a mediator of scaling in
inflammatory skin disease. We sought to establish a link
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between cutaneous flora, the release of IL-1α and the acne
life-cycle.
The epidermis provides the first line of defense against

invasion by pathogens. Whilst the epidermis contains
antigen-presenting Langerhans cells of the adaptive im-
mune system [4], keratinocytes also have inherent mecha-
nisms to combat infection. This innate immunity is a
remnant of an ancient host defense mechanism shared
with lower organisms, pre-dating adaptive immunity. The
activation of the prototypical innate Drosophila receptor
Toll is central to this innate response, leading to the re-
lease of antifungal factors [5]. A related family of Toll-like
receptors (TLRs) are widely expressed in mammalian tis-
sues, particularly epithelia, and growing body of research
indicates the importance of innate immunity in cutaneous
pathology [6-9]. Eleven mammalian Toll homologues
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have been characterised to date, each recognizing a
discrete set of invariant moieties associated with in-
fectious agents called pathogen associated molecular
patterns, or PAMPs [10]. Notable PAMPs include pep-
tidoglycan (PGN) a component of the coats of gram-
positive bacteria (including P. acnes), lipopolysaccharide
(LPS) from gram-negative bacteria, or unmethylated
CpG DNA characteristic of viruses, which activate TLR2,
TLR4 and TLR9 respectively [reviewed in [11]]. PAMPs are
recognised by a leucine-rich extracellular TLR domain, ini-
tiating a signal transduction cascade via an intracellular
interleukin-1 receptor (IL-1R)-like region, characteristically
leading to the release of antibacterial compounds (β-
defensins and reactive oxygen species) and cytokines (in-
cluding IL-1α) via an NFκB-dependent mechanism [10,11].
There is much speculation regarding the source of infun-

dibular IL-1α in acne, and there are reports of release either
by keratinocytes [3,12,13] or by the cells of the immune sys-
tem [14,15]. Since IL-1α release is a consequence of TLR
signaling in many cell types including keratinocytes [10,13],
we wished to investigated if the exposure of sebaceous
glands maintained ex vivo to PAMPs induced hypercor-
nification via the TLR-stimulated release of IL-1α.

Methods
All materials were obtained from Sigma-Aldrich Ltd.
(Poole, UK), unless otherwise stated.

Tissue
Normal human mid-line chest skin was obtained from pa-
tients aged 48 to 76 yr undergoing cardiothoracic surgery
at Papworth Hospital (Huntington, UK). Sebaceous glands
were microdissected as previously described [16]. Both
University of Buckingham School of Science and Medicine
Ethical Committee approval and informed patient consent
were obtained. Tissues were either formalin fixed and par-
affin embedded for subsequent histological evaluation, or
used immediately for organ culture.

Organ and tissue culture
Normal human epidermal keratinocytes (NHEK, Invi-
trogen, Paisley, UK) were maintained in keratinocyte
serum free medium (Invitrogen, Paisley, UK) as stan-
dard. Sebaceous glands were maintained ex vivo on gelatine
sponges (Gelfoam, Upjohn, Kalamazoo, MI, USA) at 37°C
in a humidified 5% CO2: 95% air environment for 7 days in
William’s E medium (without phenol red), supplemented
with 2 mM L-glutamine, 500 ng/ml hydrocortisone, sodium
selenite (20 μM), triiodothyronine (10 nM), 1% trace elem-
ent mix (all supplements from Invitrogen), 11.1 mM glu-
cose, 10 μg/ml bovine pituitary extract, 100 U/ml penicillin,
100 μg/ml streptomycin and 2.5 μg/ml amphotericin B.
TLR agonists used in the organ culture experiments were
LPS (Cat. No. L8643), PGN (Cat. No. 77140), and LTA
(Cat. No. L2515). Sebaceous glands were incubated in the
presence or absence of IL-1α (1 ng/μl), or relevant PAMPs
(25 μg/ml). Antibodies raised against human TLR2 and
TLR4 were obtained from HyCult Biotechnology bv (Uden,
Netherlands) and used at 100 μg/ml to block the effect of
the PAMPs. Organ culture experiments consisted of at least
3 biological replicates per treatment group, with at least
three glands studied from each donor.

RT-PCR
RNA was prepared from whole sebaceous glands or cul-
tured cells with TRI-reagent, and 1 μg total RNA was used
in first strand cDNA synthesis with random hexamers
(Pharmacia) according to the manufacturers’ recommen-
dations. 35 cycles of PCR (each of 94°C, 55°C and 72°C for
1 min) were performed as standard using specific primers
for TLR2 (TLR2_FOR- GATGCCTACTGGGTGGACAA;
TLR2_REV- TTGACAGCTCAGGGATGTTG) (MWG-
Biotech, Ebersberg, Germany).

Immunohistochemistry
4 μm paraffin sections of chest skin derived from 10 different
male donors were dewaxed in Histoclear (National diagnos-
tics, Hull, UK) and rehydrated in graded ethanols prior to in-
cubation with an anti-TLR2 goat polyclonal antibody at 37°C
overnight at (sc-8690 used at 20 μg/ml, Santa Cruz, La Jolla,
USA). Specificity was evaluated by co-incubating primary
antisera with a five-fold excess of a Santa Cruz blocking pep-
tide (sc-8690 P, Santa Cruz, La Jolla, USA). Following incuba-
tion with an appropriate HRP-conjugated secondary
antiserum for 45 minutes at room temperature, slides were
developed with ImmPACT DAB peroxidase substrate
(Vector Laboratories, Peterborough, UK) according to the
manufacturer’s recommendations and counterstained with
haematoxylin before clearing in Histoclear and mounting in
VectaMount hardset mountant (Vector Laboratories, Peter-
borough, UK). Tissue sections were stained in triplicate and
samples from different individuals were stained contempor-
aneously to facilitate comparison.

IL-1α ELISA assays
IL-1α levels in 100 μl medium collected after 2 hr treatment
of pre-confluent NHEK with PGN (10 μg/ml) was assayed
by ELISA (MESOScale Discovery, Gaithersburg, MD) ac-
cording to the manufacturer’s recommendations. In order to
assess specificity, NHEK incubated with PGN and a ten-fold
excess (by mass) of a TLR2 neutralising antibody were in-
cluded in the study. All assays were performed in triplicate.

Western blotting
Pre-confluent primary keratinocytes were homogenised in
RIPA buffer (150 mM NaCl, 10 mM Tris-Cl pH7.2, 5 mM
EDTA, 0.1% SDS, 1.0% Triton-X100, 1.0% sodium
deoxcycholate, 1 mM phenylmethylsulphonylfluoride).



Figure 1 TLR Expression in vitro and in vivo. A) TLR2 expression was assessed by RT-PCR in cDNA prepared from HaCaT keratinocytes
(first lane), NHEK (second lane) or freshly-isolated human sebaceous glands (third lane, representative of ten different individuals). A no-template
cDNA control was included (fourth lane). B) TLR2 antisera were used to evaluate receptor localisation in skin isolated from ten individuals and
representative expression patterns are shown, with and without a blocking peptide (pep). Images were captured at 10 × original magnification.

Figure 2 TLR activation results in IL-1α release and NF-κB
activation. A) Preconfluent NHEK were treated with PGN in the
presence or absence of a TLR2 neutralising antibody, and levels of
IL-1α release determined by ELISA. B) Three separate cultures of
preconfluent NHEK were harvested following 90 min exposure to
PGN, and IκB expression relative to β-actin was determined by
Western blotting.
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20 μg protein was electrophoresed through a 4-12% pre-
cast bis-tris NuPage mini-gel (Invitrogen) and transferred
to PVDF membranes (Millipore) by wet electroblotting as
standard. Immunodetection was performed using an anti-
IκB polyclonal antibody (used at 1:1000 dilution, Santa
Cruz) and chemiluminescent detection (WesternBreeze,
Invitrogen) as recommended.

Results
TLR2 is expressed in human sebaceous glands
and keratinocytes
Expression of TLR2 mRNA in sebaceous glands from
ten individuals, as well as in normal human epidermal
keratinocytes (NHEK) and HaCaT keratinocytes, was
profiled by PCR (Figure 1A). Qualitatively, expression
of TLR2 was consistently found to be higher in primary
sebaceous gland tissue compared to isolated keratinocytes.

TLR expression characterises the human infundibulum
and basal interfollicular keratinocytes in situ
TLR2 immunoreactivity was evaluated in tissue isolated
from ten individuals, and representative patterns are
shown in Figure 1B. In the interfollicular epidermis,
expression was consistently most abundant in the basal
layer, and this predominantly basal pattern of im-
munolocalisation was also observed in infundibular
keratinocytes. The specificity of immunoreactivity was
confirmed by co-incubation with a specific TLR2 anti-
gen blocking peptide, following which no staining was
observed (Figure 1B).

IL-1α is released in response to TLR2 activation
TLR2 activation with PGN provoked the rapid release
of IL-1α from NHEKs (Figure 2A). PGN stimulated a
46% increase in IL-1α secretion relative to vehicle only
controls (p < 0.05). Moreover, the effect was specific as
the co-incubation of PGN with a TLR2 neutralising
antibody resulted in a significant reduction in IL-1α
levels in the media.
PAMP-mediated TLR2 stimulation in NHEKs activates the
NFкB pathway
Western blotting was used to determine the degradation
of the NFκB repressor IκB in response to PAMP stimula-
tion of NHEK. A reduction in IκB signal in response to
PGN treatment was detected after two hours of PAMP
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incubation, an effect that was inhibited in the presence
of the TLR2 blocking antibody (Figure 2B).

PAMPs cause hypercornification in sebaceous glands
maintained ex vivo
The normal lobular structure of a freshly-isolated seba-
ceous gland is shown in Figure 3A, along with the
cornifying effects of 1 ng/μl IL-1α treatment for seven
days. A section of a comedone in situ is also shown.
Microdissected sebaceous glands were maintained in the
presence or absence of different TLR agonists (LTA,
Figure 3 TLR activation promotes hypercornification in isolated huma
freshly-isolated and IL-1α treated sebaceous glands are shown, along with
experiments showing sebaceous glands treated with vehicle only (control)
incubated with a blocking antibody (block). All images are shown at 10 × o
PGN and LPS) for seven days prior to histological ana-
lysis (Figure 3B) after which time hypercornification
(characteristic of acne lesions in vivo) was assessed.
Whilst there was some loss of structure in those organs
maintained for seven days in the presence of vehicle
alone, increased cornification was not detected. Expos-
ure to both PGN and LTA treatment resulted in pattern
of cornification similar to that observed following IL-
1α treatment, which was blocked following co-
incubation of PAMPs with a fourfold excess (by mass)
of a TLR2 neutralising antibody.
n sebaceous glands maintained ex vivo. A) Histological sections of
an example of a comedone in situ. B) Morphology representative of 3
, TLR2 (LTA and PGN) or TLR4 agonists (LPS), or TLR agonists pre-
riginal magnification.
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The skin is also colonised by gram-negative commen-
sals such as P. aeruginosa (which act via TLR4 activa-
tion) and the exposure of isolated glands to LPS also
specifically-increased cornification, which was blocked
following co-incubation with an excess of a TLR4
neutralising antibody. All images are representative of
three different experiments.

Discussion
The expression of functional TLRs in both interfollicular
and infundibular human keratinocytes is consistent with
an innate role for these cells in the sensing of, and re-
sponse to, bacterial pathogens [17]. The majority of cu-
taneous pathogens are gram-positive and, therefore,
likely to initiate a response via TLR2. As P. acnes expos-
ure leads to increases in TLR2 (as well as TLR4) expres-
sion in NHEK, and TLR2 expression was reported
within acne lesions in situ [18], we choose to further in-
vestigate the role of this receptor in keratinocyte and se-
baceous gland function.
Although keratinocytes are known to express TLR2,

the precise compartmental localization of this receptor
in the epidermis is not clear [18-22]. Our observation of
predominantly basal localization of TLR2 in a range of
human skin samples agrees with the reports of both
Baker et al. [19] and Curry et al. [20], but some variation
between individuals, or indeed studies, would be ex-
pected (as reported by Pivarsci et al. [21] and Jugeau
et al. [18]) as these receptors are readily induced, not-
withstanding any genetic differences [23].
Viable stationary-phase P. acnes directly-activates NHEK

via TLR2, stimulating IL-1α release [12]. As the treatment
of NHEK with LTA and PGN was reported to trigger NFκB
activation via TLR2, in turn regulating the release of the
potent chemokine IL-8 [17,21], it is rational to investigate
the role of PAMPs in the pathogenesis of acne.
We found that the treatment of primary cultures of
keratinocytes with TLR2 agonists provoked the release of
Figure 4 A model of TLR activation and the life-cycle of acne. A) P. ac
keratinocytes to release inflammatory cytokines (ICs) including IL-1α via TLR
formation of the comedone. C) IC secretion, including IL-1α, is also associa
reducing the sebum levels and starving the P. acnes of nutrients. D) Reduc
and restoration of sebocyte maturation. Adapted from Downie MM et al. [3
IL-1α, confirming our hypothesis and previously published
results [17,21]. This is likely to be a post-translational event
as previous observations indicated that stimulation with
micro-organisms (including P. acnes) was unable to stimu-
late the synthesis of IL-1α in keratinocytes [24,25]. In
addition, in our organ-maintained pilosebaceous units, we
were able to show that PAMP treatment led to a pattern
of hypercornification similar to that created by IL-1α
exposure (and, indeed, that seen in comedones in situ),
via both TLR2- and TLR4-dependent mechanisms. Fur-
thermore, normal morphology was maintained when
PAMP activity was neutralized with specific TLR blocking
antibodies. This suggests that PAMPs mediate their effects
on sebaceous glands via TLRs. The presence of a TLR2-
dependent innate immune response in sebocytes was pre-
viously documented [25,26], but the role of IL-1α, in
addition to that of lipid mediators such as free fatty acids,
is complex.
We recognize that the removal of organs from their

natural environment in our ex vivo model does not
allow us to investigate the contribution of the immune
system. This is an important consideration as the re-
sponse triggered by skin resident immune cells could
modulate the effect of PAMPs through both TLR-
dependent and TLR-independent mechanisms. That we
were able to provoke a response in normal human skin
(or at least skin without frank evidence of acne), which
is associated with a low level of infiltrating immune
cells, suggest that our model is able to recapitulate
comedogenesis, at least in part. One could also investi-
gate the role of TLR agonism in human sebocyte mono-
layer culture, or in sebaceous glands isolated from
individuals with acne, but we feel that our model pro-
vides a good compromise between biological relevance
and feasibility.
The role of pro-inflammatory cytokines in enhanced lipo-

genesis and acne pathogenesis is complex [24,25,27-32].
Increased sebum levels in adolescents, perhaps
nes colonises the sebaceous gland and stimulates infundibular
activation. B) ICs, including IL-1α, stimulate hypercornification, thus

ted with a reduction in lipogenesis in basal sebocytes, thereby
tion in P. acnes levels reduces IC secretion, resolution of the comedone
].
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exacerbated by elevated free fatty acid availability
resulting from exposure to Western diets [30], may pro-
mote cutaneous P. acnes colonization [32]. Further-
more, other hormonal mediators may contribute to a
‘perfect storm’ of acne susceptibility. For example, ele-
vated IGF1 signaling can suppress the transcription of
anti-microbial peptides [33], thereby priming the innate
immune response. Thus, enhanced sebum levels, high
IGF1 signaling and free fatty acid availability could act in
concert to create a pro-inflammatory state primed for
comedogenesis [28]. Prominent in this pro-inflammatory
state is IL-1α [17,21], as well as other cytokines such as
TNFα [29,30].

Conclusions
We suggest that IL-1α release from infundibular keratino-
cyte in response to P. acnes- mediated TLR activation is an
important step in the complex natural history of the acne
lesion (Figure 4). Moreover, IL-1α may contribute to both
the creation of a comedogenic cytokine millieu, as well as
promoting the eventual sebocyte hypercornification charac-
teristic of acne lesions.

Competing interests
The authors declare that they have no competing interests

Authors’ contributions
JLS carried out the immunohistochemistry, ELISA assays and Western
blotting, T. Kurczab carried out the RT-PCR, T. Kurczab and KL performed
the sebaceous gland dissection, culture and analysis. KL and T. Kealey
devised the project and study design. JLS and KL drafted and revised the
manuscript. All authors read and approved the final manuscript.

Acknowledgments
This work was funded in part by a grant from Pfizer Global Research and
Development. We are indebted to members of the Clore Laboratory, in
particular Mike Cawthorne, Claire Stocker and Ed Wargent for continued
support and helpful advice. We are grateful to Jean Chadderton and
theatre colleagues at Papworth Hospital, Papworth, UK for providing
human tissue.

Received: 22 March 2013 Accepted: 28 August 2013
Published: 6 September 2013

References
1. Ingham E, Eady EA, Goodwin CE, Cove JH, Cunliffe WJ: Pro-inflammatory

levels of interleukin-1 alpha-like bioactivity are present in the majority of
open comedones in acne vulgaris. J Invest Dermatol 1992, 98:895–901.

2. Guy R, Green MR, Kealey T: Modeling acne in vitro. J Invest Dermatol 1996,
106:176–182.

3. Downie MM, Sanders DA, Kealey T: Modelling the remission of individual
acne lesions in vitro. Br J Dermatol 2002, 147:869–878.

4. Wolff K, Stingl G: The Langerhans cell. J Invest Dermatol 1983, 80(Suppl);17s–21s.
5. Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA: The

dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the
potent antifungal response in Drosophila adults. Cell 1996, 86:973–983.

6. McInturff JE, Modlin RL, Kim J: The role of toll-like receptors in the
pathogenesis and treatment of dermatological disease. J Invest Dermatol
2005, 125:1–8.

7. Heymann WR: Toll-like receptors in acne vulgaris. J Am Acad Dermatol
2006, 55:691–692.

8. Nishimura M, Naito S: Tissue-specific mRNA expression profiles of human
toll-like receptors and related genes. Biol Pharm Bull 2005, 28:886–892.
9. Lai Y, Gallo R: Toll-like receptors in skin infectious and inflammatory
diseases. Infec dis drug targets 2008, 8:144.

10. Akira S, Takeda K: Toll-like receptor signalling. Nat Rev Immunol 2004,
4:499–511.

11. Kawai T, Akira S: The role of pattern-recognition receptors in innate
immunity: update on toll-like receptors. Nat Immunol 2010, 11:373–384.

12. Graham GM, Farrar MD, Cruse-Sawyer JE, Holland KT, Ingham E:
Proinflammatory cytokine production by human keratinocytes
stimulated with Propionibacterium acnes and P. acnes GroEL.
Br J Dermatol 2004, 150:421–428.

13. Sumikawa Y, Asada H, Hoshino K, Azukizawa H, Katayama I, Akira S, Itami S:
Induction of [beta]-defensin 3 in keratinocytes stimulated by bacterial
lipopeptides through toll-like receptor 2. Microbes Infect 2006, 8:1513–1521.

14. Kim J, Ochoa M-T, Krutzik SR, Takeuchi O, Uematsu S, Legaspi AJ, Brightbill
HD, Holland D, Cunliffe WJ, Akira S, et al: Activation of toll-like receptor 2
in acne triggers inflammatory cytokine responses. J Immunol 2002,
169:1535–1541.

15. Kim J: Review of the innate immune response in acne vulgaris: activation
of toll-like receptor 2 in acne triggers inflammatory cytokine responses.
Dermatol 2005, 211:193–198.

16. Guy R, Kealey T: The effects of inflammatory cytokines on the isolated
human sebaceous infundibulum. J Invest Dermatol 1998, 110:410–415.

17. Song PI, Park YM, Abraham T, Harten B, Zivony A, Neparidze N, Armstrong
CA, Ansel JC: Human keratinocytes express functional CD14 and toll-like
receptor 4. J Invest Dermatol 2002, 119:424–432.

18. Jugeau S, Tenaud I, Knol AC, Jarrousse V, Quereux G, Khammari A, Dreno B:
Induction of toll-like receptors by Propionibacterium acnes. Br J Dermatol
2005, 153:1105–1113.

19. Baker BS, Ovigne J-M, Powles AV, Corcoran S, Fry L: Normal keratinocytes
express toll-like receptors (TLRs) 1, 2 and 5: modulation of TLR
expression in chronic plaque psoriasis. Br J Dermatol 2003, 148:670–679.

20. Curry JL, Qin JZ, Bonish B, Carrick R, Bacon P, Panella J, Robinson J, Nickoloff
BJ: Innate immune-related receptors in normal and psoriatic skin.
Arch Pathol Lab Med 2003, 127:178–186.

21. Pivarcsi A, Bodai L, Rethi B, Kenderessy-Szabo A, Koreck A, Szell M, Beer Z,
Bata-Csorgoo Z, Magocsi M, Rajnavolgyi E, et al: Expression and function of
toll-like receptors 2 and 4 in human keratinocytes. Int Immunol 2003,
15:721–730.

22. Lebre MC, van der Aar AM, van Baarsen L, van Capel TM, Schuitemaker JH,
Kapsenberg ML, de Jong EC: Human keratinocytes express functional
toll-like receptor 3, 4, 5, and 9. J Invest Dermatol 2007, 127:331–341.

23. Miller LS, Sorensen OE, Liu PT, Jalian HR, Eshtiaghpour D, Behmanesh BE,
Chung W, Starner TD, Kim J, Sieling PA, et al: TGF-alpha regulates TLR
expression and function on epidermal keratinocytes. J Immunol 2005,
174:6137–6143.

24. Ingham E, Walters CE, Eady EA, Cove JH, Kearney JN, Cunliffe WJ:
Inflammation in acne vulgaris: failure of skin micro-organisms to
modulate keratinocyte interleukin 1 alpha production in vitro.
Dermatol 1998, 196:86–88.

25. Nagy I, Pivarcsi A, Koreck A, Szell M, Urban E, Kemeny L: Distinct strains of
Propionibacterium acnes induce selective human beta-defensin-2 and
interleukin-8 expression in human keratinocytes through toll-like
receptors. J Invest Dermatol 2005, 124:931–938.

26. Georgel P, Crozat K, Lauth X, Makrantonaki E, Seltmann H, Sovath S, Hoebe
K, Du X, Rutschmann S, Jiang Z, et al: A toll-like receptor 2-responsive lipid
effector pathway protects mammals against skin infections with
gram-positive bacteria. Infect Immun 2005, 73:4512–4521.

27. Oeff MK, Seltmann H, Hiroi N, Nastos A, Makrantonaki E, Bornstein SR,
Zouboulis CC: Differential regulation of toll-like receptor and CD14
pathways by retinoids and corticosteroids in human sebocytes. Dermatol
2006, 213:266.

28. Jeremy AH, Holland DB, Roberts SG, Thomson KF, Cunliffe WJ: Inflammatory
events are involved in acne lesion initiation. J Invest Dermatol 2003, 121:20–27.

29. Nagy I, Pivarcsi A, Kis K, Koreck A, Bodai L, McDowell A, Seltmann H, Patrick
S, Zouboulis CC, Kemeny L: Propionibacterium acnes and
lipopolysaccharide induce the expression of antimicrobial peptides and
proinflammatory cytokines/chemokines in human sebocytes. Microbes
Infect 2006, 8:2195–2205.

30. Choi JJ, Park MY, Lee HJ, Yoon DY, Lim Y, Hyun JW, Zouboulis CC, Jin M:
TNF-alpha increases lipogenesis via JNK and PI3K/Akt pathways in SZ95
human sebocytes. J Dermatol Sci 2012, 65:179–188.



Selway et al. BMC Dermatology 2013, 13:10 Page 7 of 7
http://www.biomedcentral.com/1471-5945/13/10
31. Melnik B: Dietary intervention in acne: attenuation of increased mTORC1
signaling promoted by Western diet. Dermatoendocrinol 2012, 4:20–32.

32. Jahns AC, Lundskog B, Ganceviciene R, Palmer RH, Golovleva I, Zouboulis
CC, McDowell A, Patrick S, Alexeyev OA: An increased incidence of
Propionibacterium acnes biofilms in acne vulgaris: a case–control study.
Br J Dermatol 2012, 167:50–58.

33. Becker T, Loch G, Beyer M, Zinke I, Aschenbrenner AC, Carrera P, Inhester T,
Schultze JL, Hoch M: FOXO-dependent regulation of innate immune
homeostasis. Nature 2010, 463:369–373.

doi:10.1186/1471-5945-13-10
Cite this article as: Selway et al.: Toll-like receptor 2 activation and
comedogenesis: implications for the pathogenesis of acne. BMC
Dermatology 2013 13:10.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Tissue
	Organ and tissue culture
	RT-PCR
	Immunohistochemistry
	IL-1α ELISA assays
	Western blotting

	Results
	TLR2 is expressed in human sebaceous glands and keratinocytes
	TLR expression characterises the human infundibulum and basal interfollicular keratinocytes in situ
	IL-1α is released in response to TLR2 activation
	PAMP-mediated TLR2 stimulation in NHEKs activates the NFкB pathway
	PAMPs cause hypercornification in sebaceous glands maintained ex�vivo

	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


